An affinity gel for the purification of renin was prepared by coupling pepstatin to aminohexylagarose gel. Partially purified human renin (Haas et al., Arch. Biochem. Biophys., 110,(534)(535)(536)(537)(538)(539)(540)(541)(542)(543)196S) was purified further by affinity chromatography on the pepstatin-aminohexyl-agarose gel, gel filtration on a Sephadex G-75 column, and ion exchange chromatography on a DEAE-cellulose column. Separation from a protease permitted further purification without progressive loss of activity. Three peaks of enzymatically active renin were obtained after the DEAEcellulose chromatography, with specific activities ranging from 206 to 166 and 85 Goldblalt units/mg protein, respectively. The specific activity of 206 GU units/mg represents a 103,000-fold purification compared to the renin present in the first crude extract.
IN VIEW OF the importance of renin, a number of attempts to isolate human renin have been made. 1 " 6 The instability of purified renin and its low concentration in the kidney presented great difficulties. New techniques for renin purification, such as affinity chromatography and chemical elimination of contaminating proteases in kidney extracts, have permitted isolation of pure and stable renin from hog kidney. 7 Since the bacterial pentapeptide pepstatin 8 had been shown to inhibit human renin, 9 we have designed an affinity chromatographic technique using pepstatin-aminohexyl-agarose gel for its purification.
Methods

STARTING MATERIAL
As the starting material for this purification work, the step 7 preparation of Haas et al. 2 was used. It had a specific activity of 0.24 Goldblatt unit/mg protein (GU/ mg).
AFFINITY GEL
The preparation of pepstatin-aminohexyl-agarose is a modification of the method described for hog renin. 7 Aminohexyl-agarose gel was prepared from agarose (Sepharose 4B; Pharmacia) and diaminohexane (Eastman) by CNBr activation essentially by the method of March et al. 10 Agarose beads (10 ml wet gel) were suspended in 20 ml of 2 M Na 2 CO 3 to which were added under vigorous stirring 2 g of CNBr dissolved in 0.25 ml of acetonitrile. The reaction was allowed to continue for 3 minutes at room temperature, and ice flakes were added to the reac- tion mixture for rapid cooling. The gel was separated by filtration through an ice-chilled coarse glass filter, washed quickly in succession with ice-cold 0 . 1 M sodium bicarbonate, pH 9.5 (200 ml), water (200 ml), and 0.1 M sodium bicarbonate (200 ml), then quickly suspended in 8 ml of cold 0.4 M solution of diaminohexane adjusted to pH 10. The reaction was allowed to proceed for 16 hours at 4°C. After exhaustive washing with 0.5 M NaCI (500 ml), methanol (500 ml), water (500 ml), dioxane (500 ml), and purified, anhydrous, peroxide-free dioxane" (200 ml), the gel was suspended in 16 ml of the purified dioxane. To this was added the A/-hydroxysuccinimide ester of pepstatin which had been prepared by allowing 25 mg of pepstatin to react with 10 mg of /V-hydroxysuccinimide and 1 5 mg of dicyclohexyl carbodiimide in 8 ml of purified dimethyl formamide. The coupling of the pepstatin ester to the aminohexyl agarose was allowed to proceed for 22 hours at room temperature with gentle stirring. Pepstatin-aminohexyl-agarose gel thus obtained was collected over a coarse sintered glass filter, washed successively with 500 ml of dimethyl formamide-dioxane mixture (1:2, v/v), 500 ml of 1 M NaCI, 300 ml of 4 M urea, and 11 ml of water. The amount of pepstatin covalently incorporated in 1 ml of wet gel ranged between 2.2 and 2.8 /xmoles. This was determined by amino acid analysis of the acid hydrolysate obtained by heating the wet gel in a sealed tube with an equal volume of concentrated HC1 for 24 hours at 110°C.
Renin activity was determined by the rate of angiotensin I production in 0.1 M Tris buffer, pH 7.5, at 37° for 1 hour from partially purified hog substrate (Miles Laboratories). The generated angiotensin I was determined by the radioimmunoassay method of Haber et al. 12 using an assay kit obtained from New England Nuclear.
Protein concentration was determined by the method of Waddel. 13 In column chromatographic purification, protein concentration was determined by following the HUMAN RENIN PURIFICATION/Murafcaw/ et al.
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change in absorbance at 280 nm or 206 nm in reference to the buffer solution with a LKB Uvicord III flow monitor.
Protease activity was determined by the sensitive method of Williams and Lin 14 using hemoglobin coupled with [ l4 C]glycine methyl ester as substrate.
Results
AFFINITY CHROMATOGRAPHY
The partially purified human renin (47 GU = 198 mg protein) was dissolved in 5 ml of 0.02 M phosphate buffer, pH 6.75, containing the following protease inactivators: diisopropylphosphorofluoridate, 0.01 DIM benzamidine, 5 HIM; EDTA, 5 DIM; and sodium tetrathionate, 5 HIM. This solution was applied to a 9.6 x 7.0-cm affinity column of pepstatin-aminohexyl-agarose gel and the column was washed by stepwise changes of buffers ( Fig. 1 ) as follows: The phosphate concentration was increased to 0.1 M at the same pH; then 0.1 M sodium acetate buffer, pH 5.2, containing 1 M NaCl was used. At each change of the washing buffer, a protein peak, but not renin, was eluted. Renin was eluted at a pH gradient generated by allowing 0.1 M acetic acid to flow into a constant volume mixing chamber containing 10 ml of 0.1 M sodium acetate buffer, pH 5.2. The fraction volume was 0.8 ml. This method ( Fig. 1 ) separated the renin from the proteases and, as a result, renin retained its activity and was not destroyed in the course of the subsequent purification step. 5 Tubes no. 80-90 ( Fig. 1 ), after the affinity chromatography, contained 84% of the original amount of renin. These solutions were combined, concentrated by pressure filtration through an Amicon UM-10 filter, and equilibrated with 0.1 M NaCl in 0.01 M pyrophosphate buffer, pH 6.5.
GEL FILTRATION
Further purification of renin was achieved by gel filtration on a Sephadex G-75 column (0.9 x 55 cm) ( Fig. 2 ). The column had been calibrated with protein standards and renin was eluted at a position corresponding to a molecular weight of 35,000. 
ION EXCHANGE CHROMATOGRAPHY
The major renin peak fractions (Fig. 2) containing 0.6 mg of protein were combined and equilibrated with 0.02 M phosphate buffer, pH 6.3, by pressure filtration. Chromatography on a DEAE-cellulose column (0.25 x 12 cm) followed ( Fig. 3 ) with a linear NaCl concentration gradient generated between 15 ml of the phosphate buffer and the same volume of buffer containing 0.2 M NaCl. The protein concentration was very low and was determined, therefore, by measuring the light absorption at 206 nm (rather than at 280 nm). The three peaks of renin activity (Fig. 3) were not represented by three definite single protein peaks, but corresponded to three slight shoulders on the protein concentration curve. Further purification of human renin will, therefore, be required.
In summary, after processing 1.2 kg of human kidneys in the seven steps of Haas' procedure, 198 mg of protein had been obtained containing 47 GU of renin. The subsequent purification procedure outlined in Table 1 yielded a total of 0.21 mg of protein, which was distributed in three fractions, and contained 27 GU of renin. This corresponds to a yield of 57%.
Human renin of the highest purity obtained so far was found in peak I after chromatography on the DEAEcellulose column (Fig. 3 ). When assayed with hog substrate, this renin preparation produced 10 mg of angioten- This represents an overall purification factor of 206/0.002 = 103,000-fold as compared with the first crude extract of human renal tissue. 2 As indicated in Figure 1 , four of the fractions emerging from the affinity column contained proteolytic enzymes and their activity was investigated (Fig. 4) as a function of pH. The proteolytic activity under peaks I, II, and III was most pronounced at pH 3.5, indicative of a cathepsin D type, while the protease in peak IV was maximally active at pH 5.5. When the renin activity was eluted by a stepwise lowering of pH to 3.2 with 0.1 N acetic acid, this protease activity and the renin activity did not separate, and the renin activity was rapidly destroyed when stored at pH 5.5.
Discussion
The present study indicates that affinity chromatography on pepstatin-aminohexyl-agarose is a useful method of purification for human as well as for hog renin, as has been demonstrated. 7 The separation of protease and conse- The pH dependence of the proteolytic activity of the protease fractions separated by affinity chromatography on the pepstatin-aminohexyl-agarose column (Fig. 1) . O O: First protease peak eluted by 0.02 M phosphate buffer, pH 6.75; •
• : second protease peak eluted by 0.10 M phosphate buffer, pH 6.75; A A.-third protease peak eluted by acetate buffer, pH 5.2, containing 1.0 MNaCl; • --• ; fourth protease peak eluted by pH gradient, pH 5.2-3.0. quent stabilization of the partially purified renin preparation are prerequisites to permit future attempts of complete purification of the human enzyme.
Multiple forms of renin have been extracted from human kidney tissue by Skeggs et al. B by using relatively gentle conditions, such as the adsorption of renin on DEAE-cellulose. Likewise, although our preparation of human renin had been exposed to acid treatment, salt fractionation, and dialysis in the initial steps of purification, it exhibited multiple forms of renin as shown by the separation in three distinct peaks (Fig. 3) . The failure by other investigators 1 " 5 to detect these multiple forms may have been due to different conditions of assay rather than to the chemical or physical methods of treatment of the renin preparations.
The highest specific activity attained so far for our preparation of human renin ( Fig. 3 , peak I) was 206 GU/ mg protein, i .e., 24 times greater than that obtained in the previous procedure (8.4 GU/mg) by Waldhausl et al. 5 The molecular weight of human renin was estimated to be approximately 35,000 from the elution volume on the Sephadex G-75 column (Fig. 2) . This value is perhaps somewhat smaller than the molecular weights previously reported for human renal tissue such as 42,000, 38,000-39,500, 6 and 38,000-43,000. 15 Recently the presence of high molecular weight renin in human plasma has been reported. 15 " 17 The presence of such high molecular weight species has not been noted under the present purification conditions. RENIN IS generally defined as an enzyme of renal origin, having a molecular weight of approximately 40,000 daltons which, when added to plasma, produces angiotensin I. This characterization has generally been based, however, on studies of acid-treated kidney hbmogenate. 1 " 3 Early routine methods for the isolation and characterization of renin involved salt precipitation at various pH values and acid treatment of the preparation to inactivate several angiotensin-degrading enzymes extracted along with renin. Although these contaminating enzymes are of little consequence for direct measurement of renin (pressor assay), they hinder determination of the enzyme by the indirect in vitro assay (generation and subsequent quantitation of angiotensin I).
With the development and improvement of techniques for protein separation, it became possible to study renin in preparations that had not been exposed to extremes of pH. 4 " 7 It is now evident that, in addition to the abovementioned renin, other renin-like enzymes, including those which may be defined as proenzymes, are also present in kidney. 8 " 14 These renin enzymes have a molecular weight of approximately 60,000 daltons, are activated by exposure to acid, and in some species can be converted to the lower 40,000 mol wt form. 8 " 10 The present study describes a new form of renin which has been isolated from normal human kidney. When added to plasma, this enzyme preparation is capable of producing angiotensin 1. Because of its high molecular weight (> 150,000), we have called this enzyme "big big renin" (BBR). We have investigated whether this new enzyme has characteristics in common with those described for the 40,000 and 60,000 mol wt species.
Methods
KIDNEY TISSUE HOMOGENIZATION
Pooled human cadaver kidney tissue (100-150 g) was repeatedly frozen and thawed (n = 6). The tissue was
